A series of consolidated drained triaxial compression tests were performed on recycled concrete aggregates to investigate the feasibility of their use as a backfill material for geotechnical engineering structures requiring a high stability while allowing a limited amount of deformation, such as embankments and conventional type and geosynthetic-reinforced soil retaining walls supporting highway and railway. The experimental results showed the following. The compressive strength max when well compacted at water content in the vicinity of the optimum water content wopt is similar to that of typical well graded gravelly soil that is categorized as the highest class backfill material. When well compacted at the same energy level, the peak strength and pre-peak stiffness of recycled concrete aggregate is insensitive to changes in the moulding water content relative to wopt. When well compacted around wopt, the effect of confining pressure on max is similar to the one of typical well graded gravelly soil, while confined saturation does not have any detrimental effects on the max and pre-peak stiffness. With a decrease in the compacted dry density from the maximum dry density at fixed water content around wopt for a given compaction energy level, the max and pre-peak stiffness decreases at a very high rate. The viscous property of the recycled concrete aggregate is similar to the one of ordinary type backfill materials. When well compacted around wopt, residual strains by sustained and cyclic loading are not significant.
INTRODUCTION
A trend of urbanization and modernization has provided, and probably will continue to provide, a strong thrust towards the waste disposal problem arising from discarded concrete (concrete scrap) (e.g., RILEM, 1988) . Concrete scrap is produced from a number of different sources, mostly from demolished steel-reinforced concrete (RC) structures, such as high-rise buildings, bridges, elevated highways and railways. It is often necessary to demolish RC structures relatively young, for instance fifty years old or less, when their functional features do not fit new requirements. Another source of concrete scrap is RC structures seriously damaged by natural disasters such as earthquakes, avalanches and tornadoes. In many countries, vast quantities of concrete scrap every year have resulted in a shortage of dumping sites and associated environmental violations, which must be managed in some way. It is estimated that every year approximately 50 million tons of concrete are discarded in the European Economic Community and 60 million tons in the United States (Rohi and Edwin, 1998) . Particularly in Japan, a high level of construction investment maintained since an era of high economic growth has resulted in a huge stock of RC structures. Many of these RC structures were and will be demolished much earlier than originally intended. The total concrete scrap in the year of 2002 in Japan was 35 million tons, which was 42% of the total construction waste (according to the Ministry of Land, Infrastructures and Transport, Japan). With a limited supply of landfill sites and a great demand for the waste disposal, the cost for dumping of concrete scrap at the landfill sites, including the added cost in labour and time to transport, has increased. This situation forces us to seek, alternatives that can minimize disposal costs.
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From both economic and ecological points of view, there is a significant necessity to reuse concrete scrap as a construction material, especially in densely populated areas. This would also reduce the total life cost of structures. In concrete engineering, the research on the reuse of demolished /waste concrete as coarse and/or fine aggregates has been extensively performed. It has been found that an intolerable level of energy from a viewpoint of cost-effectiveness should be used to crush and treat concrete scrap to produce fine and coarse aggregates by which concrete having essentially the same strength as the one produced by using fresh natural aggregates can be produced.
On the other hand, the study on its use as a backfill material for geotechnical engineering structures requiring a sufficiently high stability while allowing a limited amount of deformation, such as railway and highway embankments, conventional type and geosynthetic-reinforced soil retaining walls, has been limited. This is due seemingly to that it is usually considered that recycled concrete aggregate is a kind of inferior construction material having strength and stiffness much lower than those of ordinary backfill soil while exhibiting large residual strains during a long life time. Sekine and Ikeda (2003) reported results from a great number of consolidated drained (CD) triaxial compression (TC) tests performed on 26 different types of recycled concrete aggregate from different origins, which can be considered to cover typical ones that are currently produced and used in Japan. They showed that recycled concrete aggregate can become an acceptable backfill material when well compacted. However, a systematic and detailed evaluation of many influencing factors on the strength and deformation characteristics of a given type of recycled concrete aggregate was limited in the previous studies. On the other hand, it has been shown that uncompacted recycled concrete aggregate exhibits a considerably low compressive strength and a highly contractive behaviour when sheared in drained TC (Mizukami et al., 1998) .
In view of the above, this study was performed to investigate the feasibility of the use of recycled concrete aggregate as a backfill material for soil structures, in particular for those that require a high stability while allowing a limited amount of deformation. The effects of several major influencing factors, including moulding water content, confining pressure, compacted dry density and saturation under confined conditions, on the strength and deformation property were evaluated, while the viscous property was evaluated and compared with those of ordinary granular materials. Part of the test results was reported in Aqil et al. (2005) .
TEST MATERIALS AND TESTING PROCEDURE Triaxial Testing Apparatus
A state-of-the-art strain-controlled triaxial testing apparatus ( Fig. 1) was used, which allows a detailed investigation into the stress-strain behaviour of geomaterial from a very small strain state to failure state. The specimens were solid cylindrical (10 cm in diameter and 20 cm in height). The axial load was measured with a load cell placed inside the triaxial cell to eliminate the effects of piston friction (Tatsuoka, 1988) , while both axial and lateral strains were measured locally by using, respectively, a pair of Local Deformation Transducer (LDTs) (Goto et al., 1991) and three clip gauges, set at 5 /6, 1 /2 and 1 /6 of the specimen height from the bottom (Tatsuoka et al., 1994; Lohani et al., 2004) . Local axial and lateral strains reported in this paper are those obtained by averaging the outputs from the respective set of local gauges. The volumetric strains were obtained from local axial and lateral strains. Axial strains were also obtained externally by measuring axial displacements of the loading piston with an external displacement transducer (LVDT), set outside the triaxial cell, to obtain axial strains exceeding the measuring limit with the LDTs and for monitoring and controlling the stress paths.
Test Materials and Specimen Preparation
Figure 2(a) shows the grain size distribution curves (before compaction) of the tested recycled concrete aggregates while their physical properties are listed in Table 1 . One of the two main materials used in the present study was a well-graded recycled concrete aggregate, which is herein called the recycled railway embankment aggregate (RREA). It was retrieved from the sub-base of a geogrid-reinforced embankment that was constructed as a temporary railway structure for Tokaido Bullet Train (Shinkansen) and demolished in July 2002 (Hasegawa and Shimakawa, 2004 Figure 2 (b) shows the relationships between the maximum dry density n ,p dmax attained at the optimum water content wopt obtained by the method described below and the water absorption ratio, Q, of the two types of concrete aggregates, RREA and REPA. Two different but similar compaction energy levels were used to obtain the pd.max values of these data: i.e., the compaction energy level El' = 2.53 Nm/cm3 is nearly the same as the one used to prepare most of the specimens for drained triaxial compression tests performed in the present study, El = 2.48 Nm/cm3. The values of Q were evaluated by the Japanese Industrial Standard (JIS) A 1110-1999 (Methods of test for density and water absorption of coarse aggregates). The values of pd.. and Q of the original material of REPA before sieving out particles larger than 19 mm with the largest particle diameter equal to 37.5 mm are also plotted in Fig. 2(b) , which are very similar to the values of REPA. Figure 2( be considered to be typical of those that are currently produced and used in Japan. A potential problem of the outflow of highly alkaline water from a mass of crushed concrete aggregate is beyond the scope of the present study.
To compare the strength and deformation characteristics of these recycled concrete aggregates with those of other types of geomaterial, a set of CD TC tests were also performed on several typical materials currently in use in research; i.e., a poorly graded fine quartz-rich sand, Toyoura sand, and poorly and well graded glass beads as well as two well graded gravelly soils (model Chiba and Kyushu gravels, Lohani et al., 2003 Lohani et al., , 2004 ) obtained by sieving out particles larger than 10 mm from the typical backfill materials that are categorized as the best backfill material for geotechnical engineering structures. The gradation curves of these other materials are presented in Fig. 2(a) .
The specimens of RREA, REPA and RFRA as well as those of model Chiba and Kyushu gravels were prepared by manual compaction in five even sub-layers in a cylindrical split mould (10 cm in inner-diameter and 20 cm in inner height) using modified Proctor compaction energy level (i.e., El = 2.48 MNm /m3 or 2.48 Nm /cm') mainly at or around the respective wopt. The compaction was achieved by dropping a 4.5 kg standard tamper from a height of 45.7 cm. Before adding the material for the subsequent sub-layer, the surface of the immediately precedent sub-layer was scraped to a small depth to ensure a good interlocking between vertically adjacent sub-layers. After having been taken out of the mould, each specimen which was self-standing by the effects of suction, was weighed and its diameter and height were measured. Then, side drainage of vertical strips of filter paper was arranged around the specimen. Then the whole specimen was covered with a latex rubber membrane. Subsequently, the specimen was set on the pedestal of the triaxial cell and the membrane was fastened to the top cap and pedestal with the 0-rings. The filter paper strips were connected to the drainage line through a ring of porous material arranged in the periphery of the cap and pedestal (see Fig. 1 ). The use of filter paper was not only to serve as drainage but also to ensure a uniform distribution of pore pressure (i.e., pore water pressure for saturated specimens or applied partial vacuum for moist specimens). A confining pressure equal to 20 kPa was selected as a typical value in the backfill of prototype structures, such as 5 m-high retaining walls. On the other hand, the specimens of a poorly-graded fine quartz-rich sand, Toyoura sand (relative density, Dr= 70%) and glass beads (Dr= 70% for the poorly graded one and D. 94% for the well graded one) were prepared by pluviating air-dried particles through air in a split mould (10 cm in inner diameter and 20 cm in inner height) set on the pedestal of the triaxial cell. In all the CD TC tests, the top and bottom ends of specimen were not lubricated but they were in contact with the rigid flat faces of stainless steel top cap and pedestal without a drainage hole at the center.
Triaxial Testing Method
Isotropic pressure of 10 kPa was first applied manually by partial vacuum. Then, all the specimens were isotropically compressed up to an effective confining pressure afC equal to mainly 20 kPa and other values, applied by partial vacuuming through the side drain. The isotropic compression was made automatically by using a computer-aided feedback system at a pressure rate of 0.5 kPa/min. The specimen was not subjected to isotropic sustained loading before the start of drained TC loading along the respective prescribed loading history at a constant (74. The axial strain rate during TC was basically 0.03% /min except where otherwise noted.
TEST RESULTS AND DISCUSSIONS

Compaction Characteristics
Figure 2(d) shows the compaction curves together with the respective maximum dry density p dmax and the optimum water content wom of the three types of recycled concrete aggregates, RREA, REPA and RFRA, for modified Proctor compaction energy level (El = 2.48 Nm /cm3). Note that these pd. values are typical of the values of many other typical concrete aggregates provided in Japan (Fig. 2(b) ). On the other hand, for two typical well graded gravelly soils, model Chiba and Kyushu gravels, Lohani et al. (2004) obtained pdmax values equal to, respectively, 2.22 g/cm3 at wopt= 6.6% and 2.49 g /cm' at wopt= 5.8% by using nearly the same compaction energy level (i.e., 2.55 Nm/cm3). It can be concluded therefore that recycled concrete aggregates have generally much smaller pd. values than typical well graded gravelly soils consisting of stiff and strong particles. This may be because recycled concrete aggregates have lower average specific gravities, which is due to that mortar (cement paste plus fine aggregate) adhering to the surface of stiff and strong core aggregates has a significantly lower specific density. A high crushability of recycled concrete aggregate may be seen from Figs. 3(a) and 3(b). Figure 3 (a) shows the effects of compaction energy on the particle crushing in compaction tests on REPA, obtained by the fifth author of this 1) The Pdmax value of REPA is much higher than that of RREA. This may be explained as follows: a) The specific gravity of REPA was much lower than that of RREA, which indicates that REPA had a more mortar inclusion. This was due likely to that the quality of the source concrete (i.e., the compressive strength of mortar) of REPA, produced by the centrifugal technique for electricity poles, was higher than that of RREA, which may have resulted in more amount of mortar that survived the crushing process. This inference is supported by the fact that the water absorption ratio Q of REPA is much smaller than that of RREA ( Fig. 2(b) ). b) Despite a lower specific gravity of REPA, a higher crushability of the mortar part adhering to large core aggregates of REPA may have resulted into a higher compacted dry density n , d.max at Wopt than RREA. c) The wop, value of RREA is much larger than that of REPA, which may be due partly to the fact that RREA has a higher water absorption ratio (see Fig. 2 low crushable particles can be obtained by several different methods (e.g., the test method JGS A 1224, JGS 2000). However, these values of the tested crushed concrete aggregates were not obtained considering that these methods that are used with sands are not relevant to these recycled concrete aggregates due to their high crushability and large particle sizes.
Relative Strength and Stiffness Figure 4 (a) compares the relationships among the deviator stress q (= o-, -al), the axial strain ev and the volumetric strain evoi from a set of CD TC tests at ac = 20 kPa performed on the following materials (Table 1) : 1) recycled concrete aggregate RREA; 2) a finer fraction smaller than 2 mm of RREA (called RFRA); 3) and 4) well graded gravelly soils (model Chiba and Kyushu gravels; Lohani et al., 2003); 5) Toyoura sand; and 6) and 7) poorly and well graded glass beads. Note that the CD TC test on RFRA was performed on a specimen compacted to pd =1.36 g/cm3 at wi = 17% prior to the determination of its compaction curve ( Fig. 2(d) ). a) Effects of compaction energy on the particle crushing in compaction tests, REPA (when the water content is close to the optimum) and b) comparison of particle crushing in compaction tests using compaction energy level El between RREA and REPA
Figs. 4(a) and 4(b).
a) Deviator stress-axial strain-volumetric strain relations in a large strain range of various types of granular materials (Tables 1 and 2 ) and b) deviator stress-axial strain relations in a small strain range summarized in Table 2 . The following trends of behaviour may be seen from the test results: 1) Both types of glass beads (Nos. 6 and 7) and Toyoura sand (No. 5) exhibit significantly lower peak strengths than the other materials, which are all well graded materials consisting of angular or sub-angular particles. On the other hand, as seen from Fig. 4 (b), the stiffness at the initial stage of these materials (Nos. 5, 6 and 7) is not particularly low. These two different features can be explained by a very high dependency on the strain level (i.e., a very high strain-non-linearity) of the q-ev relations of these materials (Nos. 5, 6 and 7). Moreover, the peak strength of Toyoura sand is higher than glass beads, whereas the peak strength of well graded glass beads is only slightly higher than poorly graded glass beads. These peak strength characteristics could be attributed to a poor grading (Toyoura sand), the spherical shape of particle (well graded glass beads) and both (poorly graded glass beads). Moreover, the global pre-peak stress-strain behaviours of RFRA and RREA are similar to that of, respectively model Chiba gravel and model Kyushu gravel. 3) Despite that the pd value of the TC specimen of RFRA is much smaller than its pd.. value at wopt while the ( Fig. 2(d) ), the peak strength and pre-peak stiffness of RFRA are noticeably higher than those of RREA. This trend of behaviour is due seemingly to a smaller average thickness of mortar layer adhering to stiff core aggregates of RFRA than RREA. This test result suggests that the compressive strength of recycled concrete aggregate can be made larger by decreasing its particle size, although this procedure should be penalized by a higher cost for crushing treatment. 4) Compared to considerably high compressive strengths of well graded gravelly soils and recycled aggregates (RREA and RFRA), their initial stiffness values at small strains are similar to, or not particularly higher than, those of glass beads and Toyoura sand. However, their tangent stiffness tends to increase with an increase in the axial stress until they approach the peak stress state. Although this feature is specific with well compacted well graded geomaterials, it is likely that, with RREA, this feature was enhanced by some amount of crushing of the mortar layer adhering to stiff core aggregates during TC loading, as discussed below. The most distinctive feature of recycled concrete aggregate, different from natural aggregates, is that relatively soft layers of mortar is adhering to the surface of core aggregates (soil particles) (Fig. 5 ). It appears that, when subjected to TC loading, some crushing of soft mortar layer takes place at the inter-particle contact points, resulting in a low initial stiffness (Fig. 4(b) ). Then, a better contact of stiff core aggregate develops, resulting in an increase in the tangent stiffness with an increase in the strain and ultimately a high compressive strength (Fig. 4(a) ). A relatively high initial stiffness of a fine recycled concrete aggregate (RFRA) also supports this fact, as crushing of mortar layers at the inter-particle points in the course of TC loading must be much less significant with RFRA because of thinner average mortar layers. Effects of Influencing Factors on the Strength and Deformation Property Effects of moulding water content, compaction energy (or compacted dry density), confining pressure, saturation under confined conditions and original concrete type on the strength and deformation characteristics of moistcompacted recycled concrete aggregate were evaluated by performing a series of CD TC tests, as listed in Table 3 .
Effects of Moulding Water Content
Five specimens of RREA were prepared by compacting at the same compaction energy level (El = 2.48 Nm/cm3) but at different water contents ranging from 13% to 19% covering dry and wet sides of wopt (Figs. 6(a) and (b)). It may be seen that the pre-peak and post-peak stress-strain behaviors, peak strength and dilatancy characteristics of the RREA specimens (moist as compacted) are noticeably affected by the moulding water content relative to wopt. Figures 6(c) and (d) show the qniax-w and pd-w relations. Very similar patterns of these two curves result in a qmax-pd relation that is rather unique irrespective of the largely different moulding water contents, w (Fig. 6(f) ; in this figure, a pair of data points from the respective test are connected with a line segment). That is, the effects of moulding water w on the peak strength for the same compaction energy are realized through the effects of w on pd. On the other hand, the specimens compacted dry of wopt exhibits more dilative behaviour (Fig. 6(b) ) and higher pre-peak stiffness E50 (defined as the secant stiffness at q.12, E50 = (q./2)/(ev at q=qm.12); Fig. 6(e) ). The opposite trend can be seen with the specimens compacted wet of wopt. Therefore, the E50-pd relation is utterly not unique for different moulding water contents w (Fig. 6(f) ). The pattern of strain softening in the postpeak regime is not largely different for the different w values (Fig. 6(a) ). These trends of behaviour described above are similar to those observed with ordinary uncemented soil (e.g., Santucci de Magistris et al., 2003) and cemented-mixed model Chiba gravel (Lohani et al., 2004) . On the other hand, Fig. 7 shows the stress-strain relations from CD TC tests on three specimens of model Chiba gravel compacted dry, around and wet of wopt performed under otherwise the same test conditions as those of the tests presented above. It may be seen that the effects of moulding water content are much larger than with recycled concrete Fig. 6(a) .
Effects of moulding water content on stress-strain relations of RREA in CDTC: a) overall deviator stress-externally measured axial strain relations Fig. 6(b) .
Deviator stress-axial strain relations at small strains aggregate. That is, the strength and deformation characteristics of recycled concrete aggregate are less sensitive than ordinary well-graded gravelly soils. This property of recycled concrete aggregate is advantageous when used as a backfill material of soil structures.
Effects of Dry Density When Compacted at wopt
Effects of compacted dry density, pd, on the strength and deformation property when compacted at Km obtained by using compaction energy El = 2.48 Nm /cm' of REPA were evaluated by performing a series of CD TC tests at a = 30 kPa ( Table 3 ). The compacted energy for the specimens was adjusted so that the degree of compaction Dc =pdl(Pd .max for El = 2.48 Nm/cm3) ranged between 93% and 100%. Figure 8 (a) shows the pd-w relations of the TC specimens of REPA, compared with the compaction curve for compaction energy levels El' = 2.53 Nm/cm3, which is essentially the same as the one for El = 2.48 Nm/cm3 presented in Fig. 2(d) , as well as other two curves obtained by using lower and higher compaction levels EO' = 0.506 Nm/cm3 and E2' = 5.06 Nm/cm3. The approximate compaction energy for the respective specimen for drained triaxial tests Nos. 4-9 and 13 can be inferred by referring to these three compaction curves. Despite that the target w value was the wopt value presented in Fig. 2(d) , an inevitable scatter took place in the w values of the specimens. Figure 8(b) shows the stressstrain relations from these CD TC tests, Fig. 8(c) shows the effects of pd on qmax and Fig. 8(d) shows the effects of the compaction degree Dc on qmax of REPA and Chiba gravel. The following trends in behaviour may be seen from these figures: 1) Compacted at similar moulding water contents, the effects of compaction energy, thereby the effects of pd, on the strength and deformation characteristics of REPA are extremely high. The qmax values when compacted to Dc = 90% (for compaction energy level El), which is often specified as the minimum value required when compacting backfill in ordinary civil engineering projects in Japan, is only around 10% or less of the value when compacted to Dc= 100% (for El).
2) The effects of pd and Dc on the E50 value are also significant, although they are to a lesser degree (Table 3 ).
3) The trend of the change in the dilatancy characteristics by changes in the moulding water content w is not systematic. The reason is not known. As explained above, the moulding water content w of the respective specimen for drained triaxial test may have slightly deviated from the optimum water content for the compaction energy level used to prepare that specimen. When referring to the test results presented in Fig. 6 , however, it is likely that the effects of this factor are insignificant.
Large effects of pd on the stress-strain behaviour have also been observed with ordinary well-graded gravel consisting of stiff and strong particles. Figure 9 presents a typical result for Chiba gravel (Dmax= 38 mm, D50 = 3.5 mm and Uc = 13), obtained from CD TC tests at ac = 19.8 kPa and an axial strain rate of 0.01% /min on large specimens with a diameter of 30 cm and a height of 60 cm (Kohata and Jiang, 1998; Tatsuoka et al., 1999). The specimens were compacted at w= 3.73%, which was slightly smaller than wopt equal to around 5.2% obtained at compaction energy level El' of 2.53 Nm/cm3, which is nearly the same as El = 2.28 Nm/cm3, in a mould with an inner diameter of 15 cm. The maximum dry density n d .max for El was equal to 2.31 g/cm3 , Sekine et al., 1996 , which was used to compute the degrees of compaction Dc of Chiba gravel shown below. The highest pd value among those TC specimens described in Fig. 9 was equal to 2.213 g/cm3, which was only slightly lower than the pd.. value. The qmax-Dc relation of Chiba gravel obtained from Fig. 9 is also plotted in Fig. 8(d) . It may be seen that, for nearly the same compaction energy level, the effects of Dc on the qmax value of recycled concrete aggregate REPA are much more significant than those with Chiba gravel. It seems that a very high increasing rate of qmax (and E50) with an increase in pd and D. of REPA may be due to a decrease in the average thickness of mortar layer at contact points between stiff core aggregates with an increase in Pd.
All these results indicate the paramount importance of high compaction when using recycled concrete aggregates having gradation curves similar to those of REPA as a backfill material in civil engineering construction projects. Clearly, Dc = 90% is too low as the minimum requirement when specified in that case. Figure 10 shows the stress-strain relations from CD TC tests on RREA specimens compacted at w.wopt at different confining pressures ac. The relationships among the qmax values, the residual strength a res (defined as q at and presented in Fig. 11 . The curves directly fitted to the data points are presented in this figure. The angle of internal friction 6 Y peak and the residual friction angle fires res and the cohesion intersects cpeak and c"s were obtained by fitting the linear Mohr-Coulomb failure criterion to the respective set of Mohr's circles at peak and residual states, as listed in Table 4 . The straight failure lines obtained from these friction angles and cohesion intersects are also presented in Fig. 11 . From the test results, the following trends of behaviour may be seen: 1) qmax increases in a highly non-linear fashion and a , res increases rather linearly. These trends are essentially the same as those with ordinary well graded gravelly soil consisting of stiff and strong particles. 2) E50 increases with ac but in a more non-linear fashion than qmax, reflecting the fact that the effects of ac on the q -e, relation are insignificant at small strains whereas the effects becomes evident only after the e, value exceeds a certain limit and the limit becomes larger with cJ (see Fig. 10 ). This trend may be due likely to that mortar layers adhering to stiff core aggregates, which should be much more crushable than the core aggregates, are crushed more at earlier stages of shearing during TC loading, resulting into insignificant effects of confining pressure on the E50 value, while particle crushing becomes less significant as approaching the peak stress state, resulting in a rather proportional increase in the compressive strength with an Fig. 8(a) . pd-w relations of REPA compacted to different pd values at w around wopt, compared with three compaction curves obtained by using three different compaction energy levels EO' , El' and E2' Fig. 8(b) .
Effects of Confining Pressure
Effects of dry density on the stress-strain behaviour of REPA in CD TC at o-= 30 kPa (w close to w.pt presented in Fig.  2(d) ) Fig. 8(c) . Effects of pd on qmax of REPA compacted around w.pt (from the data presented in Fig. 2(d) ) increase in the confining pressure. 3) These high values of th r peak and Cpeak indicate that the shear strengths are much higher than those of ordinary poorly graded soils, in particular at low confining pressures. This property is due seemingly to a good and firm interlocking of well graded particles, which is originally hampered by the presence of thin mortar layers adhering to stiff core aggregates but enhanced by good compaction and to some extent by compression during TC loading. It appears that this high cpeak value is due to not only fitting a straight line to a curved failure envelope but also an apparent cohesion by suction at inter-particle points. The presence of cohesion can be inferred from the fact that the compacted specimens could stand without a support when taken out from the compaction mould and also from the fact that the Gres value is much smaller than cpeak .It appears that the apparent cohesion at inter-particle contact points should be damaged by shearing, which resulted in a much lower cohesion intersect at the residual state. 4) The behaviour of RREA becomes more contractive, or less dilative, with an increase in ac at a rate higher than ordinary sand and gravel consisting of stiff and strong particles. This is due likely to that the crushing associated with TC loading of thin mortar layers adhering to stiff core aggregates becomes more significant with an increase in Go.
Effects of Saturation under Confined Conditions
If the strength and stiffness of recycled concrete aggregate compacted under moist conditions decrease significantly when made saturated, this material cannot be used reliably as a backfill material for ordinary civil engineering structures that may be made saturated, for example by percolation of rain water, or submerged. To examine this point, a set of specimen of RREA were prepared by compaction dry and wet of, as well as, at wpm and made saturated under isotropic confining pressure of 20 kPa before the start of TC loading. Water having about three times of the pore volume of the respective specimen was percolated through the specimen, for which different periods were necessary with these different specimens. Figure 12 shows the time histories of axial strain, measured with LDTs, by the end of the saturation process of the three specimens. The drained triaxial compression tests were started about 15-30 minutes after the end of saturation process. It may be seen that all the specimens exhibited noticeable axial strains in contraction, the largest when compacted dry of wopt and the smallest when compacted close to wopt. Figure 13 compares the stress-strain curves of these saturated specimens of RREA with those of the specimens sheared moist as prepared (presented in Fig. 6(b) ). The axial strain rates in the tests on the moist and saturated specimens were made different unintentionally, which were 0.03% /min and 0.1% /min, respectively. Although the effect of this factor may not be totally negligible as shown later, it can be judged to be much smaller than the observed changes by saturation in the Figure 14 shows the relationship among pd, qmax and E50 and the moulding water content w of these moist and saturated specimens. Figure 15 shows the corresponding relationships among qmax, E50 and pd. The following trends of behaviour may be seen from these figures: 1) The negative effects in confined saturation on qmax are generally not very significant.
2) The negative effects of confined saturation on E50 are also small when compacted at and wet of wopt. On the other hand, when compacted dry of wopt, the E50 value dropped largely upon saturation, which is likely due to a loss of the suction that developed during compaction and associated changes in the structure upon saturation.
3) The negative effects of confined saturation on the strength and deformation characteristics were minimum with the specimen compacted close to wopt. Rather, the qmax and E50 values increased by confined saturation when compacted close to wopt. The reason for this peculiar behaviour is not known. 4) With respect to the volume change characteristics, the overall trend common to the moist and saturated specimens is an increase in the dilatancy rate with an increase in the pre-peak stiffness. When compacted close to and wet of wopt, the saturated specimen exhibits more dilative behaviour than the corresponding moist specimen. When compacted dry of wpm, on the other hand, the saturated specimen exhibited less Effects of saturation on a) qmax and b) E50 dilative behaviour than the moist specimen, which may also be due to a loss of the suction that developed during compaction and associated changes in the structure upon saturation. In summary, the negative effects of confined saturation on the strength and stiffness of recycled concrete aggregate are insignificant when compacted at the optimum water content or slightly wetter. Note that the changes in the stress-strain behaviour by confined saturation shown above are not specific to moist-compacted recycled concrete aggregate, but these trends can be observed with ordinary soil consisting of stiff and strong particles (e.g., Santucci de Magistris et al., 2003).
Effects of Original Concrete Type
It is reported in the concrete engineering literature that the quality of recycled concrete aggregate is largely dependent on the quality of source concrete, i.e., the grading of the constituent aggregates, their particle size and water absorption ratio, the ratio of water to total cementation materials, air content, etc. (Wainwright et al., 1993) . As these factors for RREA and REPA are not known, it is not possible to evaluate their effects in the present study. Therefore, only to get an idea about this issue, the stress-strain relations (Fig.  16) where R= af /ol = 16. The following trends in behaviour may be seen from these figures:
1) The specimen exhibited noticeable creep strains due to its viscous property, which increased with an increase in the stress ratio R. However, the creep strain increments were not particularly large while the increasing rate with an increase in R was not significant. These trends may be due to a rather linear pre-peak stress-strain relation with a high stiffness, resulting from a high pd. 2) When monotonic loading (ML) was restarted following each sustained loading stage, the stress-strain curve exhibited a very high stiffness, close to the instantaneous elastic stiffness, which was followed by marked yielding. Then the stress-strain relation tended to rejoin the one that would have been obtained if ML had been continued at a constant strain rate without an intermission of sustained loading. This fact indicates that, like ordinary soil and rock, creep deformation has no deteriorating effects on the subsequent stressstrain behaviour and the ultimate strength, but it is merely a viscous response of the material (e.g., Tatsuoka, 2005) . This is also another important feature for recycled concrete aggregate to be used as a backfill material for soil structures. 3) Similar to other types of geomaterial Tatsuoka, 2005) , negative creep strain increments (i.e., the phenomenon called creep recovery)
were observed at sustained loading stages during otherwise monotonic unloading. The trend of creep recovery became more evident at more unloaded stress states. 4) The specimen exhibited more contractive behaviour with a higher devoi,IdEratio during sustained loading than during ML at a constant axial strain rate, and this trend gradually disappeared as the stress-strain behaviour became more dilative. This trend is not specific to recycled concrete aggregate, but similar behaviour has been observed with Toyoura sand (Nawir et al., 2001 ).
Moreover, Fig. 21 shows the R-ev-evolrelations from six CD TC tests performed at constant axial strain rates E, equal to 0.1, 0.01 and 0.001% /min. It may be seen that the peak and residual strengths became noticeably higher with an increase in ,T. All the features of viscous property described above are essentially the same as those of ordinary sand and gravel consisting of stiff and strong hibited higher pre-peak stiffness at a lower The cause for this trend is not known.
To quantify the viscous property of recycled concrete aggregates, two more tests were performed on RREA compacted to Dc-, 100% at w ,= wopt (Table 5) , in which the axial strain rate Ev was changed stepwise many times during otherwise ML at a constant Ev (Figs. 22 and 23) . In these figures, the principal stress ratio, R= /ol= oVo-h, is used as the stress parameter, since this stress parameter has been found relevant when analyzing and modelling the viscous property of unbound geomaterials (Di Tatsuoka et al., 2002) . It may be seen from Figs. 22 and 23 that, responding to sudden increase and decrease of E,,, the R value, respectively, increased and decreased sharply, followed by, respectively, clear yielding and sudden recovery of stiffness. As long as ML at a constant Ev continued, these changes in the R value decayed with an increase in the axial strain ; TESRA stands for temporary effects of strain rate and strain acceleration). It may also be noted that, with the recycled concrete aggregate tested, the trend of TESRA viscosity became more obvious with an increase in the strain. In test ICDU-002 (Fig. 22) , a stress relaxation test was performed to confirm the viscous property of the material.
The basic control parameter for the viscous property of a given geomaterial is the irreversible strain rate, not the general time (e.g., Tatsuoka et al., 2001) . To obtain the irreversible axial strain increment devir from a given measured total strain increment dev at the respective 
where fi is the rate-sensitivity coefficient, which represents the viscous property of a given type of geomaterial (Tatsuoka, 2005) . Figure 28 compares the 13 value of various types of granular materials having different mean diameters D50, including recycled concrete aggregate (RREA). It may be seen that the /3 value of the recycled concrete aggregate is noticeably higher than those of the other granular materials (i.e., natural sands and gravel), indicating that the recycled concrete aggregate is basically 1) The trend of residual strain development with time is very similar in the corresponding sustained and cyclic loading tests. That is, the residual strain rate by cyclic loading is generally very low while it increases only moderately with an increase in the deviator stress.
2) The residual vertical strain increments and dilative volumetric strain increments by cyclic loading were always smaller than the corresponding respective value by sustained loading at the deviator stress that was equal to the maximum value in the cyclic loading. It is to be noted that, even when the residual strain increments that took place by cyclic loading are plotted against the average deviator stress during the respective cyclic loading stage (i.e., "the value of q plotted in Fig. 31 " minus 25 kPa), they are still much smaller than the corresponding value by sustained loading for the same deviator stress level. This test result indicates that the development of residual strain during cyclic loading history was due mainly to the viscous property. In other words, the viscous effects are dominant when compared to the rate-independent cyclic loading effects in the development of residual strain during the cyclic loading history applied in the present study. This trend of behaviour is similar to the one observed with Toyoura sand under similar loading conditions (Ko et al., 2003) . These test results suggest that the residual strain of recycled concrete aggregate that may develop during such a cyclic loading history as applied in the present study may not be particularly large, but even smaller when compared to the one that develops by sustained loading, as with ordinary sand and gravel consisting of stiff and strong particles. These results reconfirm that recycled concrete aggregate can be used as a high quality backfill material when compacted well around the optimum water content.
Effects of Preloading on Residual Deformation Characteristics
In the field case, the strain path in the backfill during preloading ranges from nearly one-dimensional ones to those under nearly constant confining pressure. It was considered that the basic feature of preloading effects could be evaluated by triaxial compression tests at constant confining pressure. The effectiveness of preloading in minimizing residual strains by sustained loading, as demonstrated in Fig. 19 , was evaluated more in detail by performing another CD TC test in which sustained loading was applied during otherwise primary loading, unloading and reloading stages (Figs. 32 and 33 and Table 7 ). It may be seen from Fig. 32 that the tangent stiffness at the same deviator stress increased drastically and the positive creep strain rate decreased considerably by preloading. Therefore, specific potential problem of low initial stiffness as well as large residual strains by sustained loading or cyclic loading or both with recycled concrete aggregate can be minimized by a relevant preloading technique.
The test results shown above also indicate that the residual strain characteristics of recycled concrete aggregate are essentially the same as those of ordinary 
CONCLUSIONS
The following conclusions can be derived from the test results of two typical recycled concrete aggregates presented in this paper: 1. When these recycled concrete aggregates were well compacted at or around the optimum water content wopt, the compressive strength qmax and pre-peak stiffness became as high as those of typical well graded gravelly soils that are considered as the highest class backfill materials. 2. The effects on the strength and deformation characteristics of moulding water content and saturation under confined conditions were not significant when well compacted around wcpt; the effects being even smaller than those with a typical type of well graded gravel. These features are advantageous when used as a backfill material for important civil engineering structures. 3. The effects of high compaction were significant. In particular, the strength and stiffness when compacted to a degree of compaction equal to 90% at the optimum water content was significantly lower than when compacted to Dc= 100%. The effects were even more significant than with a typical type of well graded gravel. These results indicate that recycled concrete aggregate should be highly compacted when used as a backfill of soil structures which should be stable enough while allowing only small residual deformation. 4 . Both peak and residual strengths increased and the behaviour became more contractive with an increase in the confining pressure, while the initial stiffness was rather insensitive to the confining pressure, which resulted in a relative low initial stiffness at high confining pressure. 
